Water vapor (WV) has a vital effect on global climate change. Using satellite data observed by AURA/MLS and ERA-Interim reanalysis datasets, the spatial distributions and temporal variations of WV were analyzed. It was found that high WV content in the UTLS over the southern Tibetan Plateau is more apparent in summer, due to monsoon-induced strong upward motions. The WV content showed the opposite distribution at 100 hPa, though, during spring and winter. And a different distribution at 121 hPa indicated that the difference in WV content between the northern and southern plateau occurs between 121 and 100 hPa in spring and between 147 and 121 hPa in winter. In the UTLS, it diminishes rapidly with increase in altitude in these two seasons, and it shows a "V" structure in winter. There has been a weak increasing trend in WV at 100 hPa, but a downtrend at 147 and 215 hPa, during the past 12 years. At the latter two heights, the WV content in summer has been much higher than in other seasons. Furthermore, WV variation showed a rough wave structure in spring and autumn at 215 hPa. The variation of WV over the Tibetan Plateau is helpful in understanding the stratosphere-troposphere exchange (STE) and climate change.
Introduction
Water-as solid, liquid, and gas-is one of the most important components of the earth. The distribution of water vapor (WV) in the atmosphere is concentrated mainly below 500 hPa. Above the middle troposphere, including the upper troposphere and the lower stratosphere (UTLS) at 5∼20 km, the water vapor mixing ratio (WVMR) is 2∼4 times lower than in the lower troposphere. Nevertheless, the radiation force produced by the distribution and transformation of WV in this region can change the energy balance of the earth-atmosphere system, and it can have a vital impact on global climate change [1, 2] , for two reasons. First, WV is one of the major greenhouse gases, and it has a large influence on the radiation balance. Some studies have shown that the greenhouse effect caused by WV is twice that of carbon dioxide in the tropical troposphere [1] , while on the other hand the refrigeration effect caused by increasing WV and ozone fluctuation is considerable [3] . Secondly, WV is the OH radical of photochemical reaction in the stratosphere, and it participates in this reaction, exerting an influence on the distribution and variation of ozone in the stratosphere [4] , thereby affecting the global climate.
There are two dominating factors determining how much WV is in the stratosphere. One is the methane oxidation process; about a third of the WV comes from this source [5] . Another important source of stratospheric water vapor is upward transportation from the troposphere, and its transmission path, on the global scale, is considered to be the advection pathway into the high latitudes of the stratosphere from the low latitudes of the equatorial regions [6] . In addition, the variation of WV in the UTLS is affected by 2 Advances in Meteorology tropopause temperature and BD circulation [7] and also related to synoptic scale perturbations [8, 9] .
Because the extent of global warming is modulated by water vapor feedback, this feedback is acknowledged as the most critical factor in the rate of climate change. There is, however, a great deal of controversy about the WV feedback effects, and exactly how the feedback works is still not entirely clear. Most of the models show that global warming will lead to increased WV in the upper troposphere and that this increase will further promote climate warming: in other words, WV has a strong positive feedback effect [10] [11] [12] [13] . However, Lindzen et al. [14] [15] [16] have said that global warming would enhance convection and that the cloud tower of convection could extend to higher and colder levels, removing WV from the upper troposphere, and a large amount of emergent long-wave radiation entering space over a wide desiccated sinking area could slow down global warming. Thus, WV could also have a negative feedback effect.
The Tibetan Plateau and its surrounding area may play a crucial role in the process of global stratosphere-troposphere exchange (STE), because of the special geographical features of the plateau. The plateau area, on average, is more than 4000 meters above sea level-about the height of the middle troposphere. It is evident that physical and chemical processes in the UTLS are able to exert influence near the surface of the Tibetan Plateau. Because of the influence of Asian monsoons, the Tibetan Plateau is regarded as a heat source in summer, and strong upward transportation can send lower tropospheric materials up over this region, forming a channel from troposphere to stratosphere, and this transmission mechanism is probably one of the important causes of the ozone valley over the Tibetan Plateau in summer [17] . Some satellite data and model calculations have demonstrated that the Tibetan Plateau is also the upward transmission channel of WV and atmospheric pollutants [18, 19] . In addition, massive amounts of WV are transported by the large-scale circulation and affect the distribution of stratospheric water vapor.
Randel and Park [20] found that anticyclonic circulation and convection coupling had an important influence on the distribution of upper tropospheric chemical compositions during the Asian summer monsoon period, and there was an abnormal distribution of WV within the anticyclonic circulation, while Jackson et al. [21, 22] pointed out that the highest WV content in the lower stratosphere appeared over the Tibetan Plateau, not over the monsoon regions. Fu et al. [22] also suggested that deep convective activities driven by thermals produced significant impacts on WV movement across the tropopause over the Tibetan Plateau. Evans et al. [23] and Smith et al. [24] demonstrated that increasing stratospheric WV could be explained by strengthened convection during the summer monsoon period over Asia and the Tibetan Plateau. The distribution of atmospheric compositions over the Plateau region has obvious regional characteristics.
Many scholars have discussed the features of WV and its conveying mechanism in the UTLS, but have focused mainly on the tropics [1, 18, [25] [26] [27] [28] [29] . Uma et al. [30] , using Microwave Limb Sounder (MLS) observations, discovered that WV content has shown no significant change in the UTLS of the northern hemisphere monsoon regions during the preceding eight years. Tian et al. [31] found that WVMR in the UTLS over the northern Tibetan Plateau in March and April is relatively higher than over the surrounding regions at the same latitude and also detected that a region of low WV values existed from May to September in the upper troposphere at around 200 hPa over the western Tibetan Plateau. In recent years, some researchers have suggested that the Tibetan Plateau has played a very important role in WV transportation [32] [33] [34] . Therefore, studying the distribution of water vapor content in the UTLS region of the Tibetan Plateau has great significance and could be very helpful in understanding the STE exchange over the plateau and in comprehending the influence of UTLS vapor on the global climate. Because of the complex and rugged plateau terrain, it is difficult to collect data, especially for WV in the upper troposphere, and such study is limited by the distribution and variation of WV in the UTLS over the Tibetan Plateau. Building on previous researches, this study focused on the long-term trends and distributions of WV in the UTLS over the Tibetan Plateau, obtained from the MLS instrument on board the AURA Earth Observing System satellite (EOS).
Data and Methods
The AURA satellite was launched on 15 July 2004. It has a sunsynchronous orbit at a height of 705 km at 98 ∘ inclination. The plane of orbit is offset 82
∘ from the equatorial plane of earth. The horizontal grid of the on-board MLS instrument is every 1.5
∘ , or about 165 km along the track. The instrument can obtain atmospheric composition data-including WV, carbon monoxide, and ozone-using microwave detection technology. Version 4.2 of Level 2 water vapor data used in this study was derived from the 190 GHz channel, and it is significantly better than the V3.3 or V2.2 [35, 36] data. The MLS observation data are reliable at several different heights, and an effective vertical range from 316 to 0.002 hPa is recommended [35] . The WV vertical resolution is 2.5 km from 316 to 215 hPa and degrades to 3 km from 100 to 1 hPa. For water vapor, typical single-profile precisions are 0.9 0.7, 0.5, and 0.3 ppmv at 215, 147, 100 hPa, and the lower stratosphere, respectively [36] . The period of the data used in the present study was from 2005 to 2016 inclusively. The WV data retrieved from the MLS instrument were validated, as can be seen in Lambert et al. [37] and Schwartz et al. [38] .
The European Center for Medium-range Weather Forecast (ECMWF) Re-Analysis Interim data (ERA-Interim), including wind field, temperature, and potential vorticity (PV), were used in this study. The horizontal spatial and temporal resolutions were 0.5 ∘ × 0.5 ∘ and one month (over the period 2005 to 2016), respectively. Moreover, the monthly average data from the tropopause came from the National Centre for Environmental Prediction (NCEP) and had a resolution of 2.5 ∘ × 2.5 ∘ .
Since this study focused on the climatological characteristics of WV at the seasonal scale over the Tibetan Plateau, the seasons were defined based on the northern hemisphere: spring (March, April, and May-MAM), summer (June, July, and August-JJA), autumn (September, October, and November-SON), and winter (December, 2nd January, and 2nd February-DJF). In order to facilitate mapping and analysis, the WVMR data were taken with a resolution of 0.5 ∘ × 0.5 ∘ on a latitude-longitude grid.
Results

Horizontal Distribution Characteristics of Water Vapor.
First, it is necessary to note that heights of 215, 147, and 100 hPa over the Tibetan Plateau were selected to represent the UTLS in this study, partly because the effective height of MLS observations starts at 316 hPa [35] , and partly because these three levels correspond to the UTLS region near the tropopause [39] . The height of 215 hPa can be considered the upper troposphere; 147 hPa and the tropopause are equivalent; and 100 hPa is generally located in the lower stratosphere. Figure 1 : the WV content decreased with an increase in latitude. But the WV at 100 hPa increased with latitude in DJF and MAM. Chen and Liu [40] pointed out that cirrus clouds occur mainly in winter and spring over the plateau, but are almost completely absent in summer. And Tian et al. [31] indicated that in winter and summer, the 200 hPa air layer was located near and below the tropopause, and that in winter and spring the 100 hPa pressure level was located in the stratosphere, while the tropopause could be uplifted to about 100 hPa by the thermal effect of the Tibetan Plateau in summer.
As mentioned earlier in this section, the WV content in the southern and northern plateau regions showed opposite distributions at 100 hPa versus 147 hPa, in MAM and DJF. In order to determine the height of the transition from 100 to 147 hPa, Figure 3 shows the distributions of WV at 121 hPa in MAM and DJF (121 hPa is the only level between 100 and 147 hPa detectable by the MLS instrument). As shown in Figure 3(a) , the highest value of WV at 121 hPa in MAM occurred mainly over the southern part of the plateau and was about 5.4 ppmv; the WV content in the northern regions was less than 3.4 ppmv. However, in Figure 3(b) , the WV distribution in DJF was contrary to that in MAM, and the WV content in the northern plateau was larger than that in the southern region. The difference in WV distribution, between MAM and DJF at 121 hPa height, indicates that the change in WV content between the north and south occurs between 121 and 100 hPa in spring, and between 147 and 121 hPa in winter.
From Figures 1(i) , 1(j), 1(k), and 1(l), we can see that there is an obvious annual variation in WV at 100 hPa in the southern plateau, and that the WV content is higher in JJA and lower in DJF. June to August is the development stage of the Asian summer monsoon season, and 100 hPa and 150 hPa correspond to the positions of the tropopause in summer and winter. For this reason, the wind and temperature distributions at 100 and 150 hPa in JJA and DJF are given in Figure 4 . It can be seen from Figure 1 that the WV content increased significantly at all heights in summer and that the highest concentrations of WV occurred in the southwest at 147 hPa. Figure 4 shows that the anticyclonic circulations of 100 and 150 hPa (a, b) in the horizontal wind field are obvious and that the high values of WV on the windward slope of the plateau are mainly transported from the southwestern edge of the plateau, which is evidently affected by the summer monsoons. The development of strong summer monsoons transports abundant WV over the Indian Ocean to the plateau and brings more WV to the upper troposphere. And at 500 hPa ( Figure 5(a) ), a cyclonic circulation, although weak, can still be seen over the southern plateau, transforming the Tibetan Plateau to a heat source, forming a "heat pump" that can suck up WV from the surrounding lower atmosphere, so that abundant WV from the Bengal Bay is uplifted to the upper troposphere over the plateau. Because the updrafts occur almost everywhere above the plateau in summer, and at high intensities, when they rise to the UTLS the South Asia High forces the airflow around, creating the STE. At the same time, a WV increase caused by the convective activity gathers over the plateau. Therefore, under the combined action of the deep convection over the Tibetan Plateau and the Indian summer monsoons, the WV in the troposphere moves upward, leading to an increase in WV in the lower stratosphere. However, westerly wind prevails over the plateau at 100 (Figure 4(d) ), 150 (Figure 4(b) ), and 500 hPa ( Figure 5(b) ), and the plateau is turned into a cold source in winter; the upward air flow weakens and the WV clearly decreases near the tropopause.
Vertical Distribution Characteristics of Water Vapor.
In the troposphere, WV content will decrease rapidly with height; it is about 10 −2 vmr (1 vmr = 10 6 ppmv) at sea level and 10 −4 vmr in the desert. There is about 10 −5 vmr near 200 hPa in the upper troposphere, but the WV does not always decrease when it arrives in the stratosphere. In this research, the main body of the plateau (28
∘ E-105 ∘ E) was studied. Figure 6 shows the vertical profiles of WV over the plateau in different seasons. From the WV profile of the spring averages (Figure 6(a) see that WV decreases rapidly from the upper troposphere to the tropopause over the plateau and reaches a minimum value at about 80 hPa, and then, up to 10 hPa, WV increases along with height. The vertical profile of WV in DJF is shown in Figure 6(d) . From 215 hPa to 147 hPa, it also diminishes rapidly and then mushrooms above 147 hPa, showing a "V" structure. The vertical profiles of JJA (Figure 6(b) ) and autumn ( Figure 6(c) ) are consistent; both of them decrease rapidly and then increase slightly. In 1978, Kley et al. [41] observed a minimum value of WV at the bottom of the tropopause in Wyoming (41 ∘ N), US, and Quixeramobim (5 ∘ S), Brazil. Subsequent observations also confirmed the existence of the minimum value, which was called "hygropause" by Brasseur and Solomon [42] . The minimal value occurs at around 80 hPa in MAM (Figure 6(a) ) and SON (Figure 6(c) ), and it is about 4 ppmv, while the minimum values in JJA (Figure 6(b) ) and DJF ( Figure 6(d) ) appear at 121 hPa, of which the WV in JJA is relatively larger, about 7 ppmv, and that in DJF smaller, about 3.5 ppmv.
As mentioned above, the plateau region is a heat source in summer and a cold source in winter, which leads to a great difference in the convective activity over the plateau.
Based on the analysis of monthly potential temperature over this region, Zou and Gao [43] pointed out that the strong ascending motion in summer is favorable for the transport of WV to the UTLS, while the sinking motion in winter is not conducive to such movement. Figure 7 shows the latitudeheight cross sections of the mean PV and potential temperature in different seasons. From Figures 7(a) and 7(d) , we can see that the distribution of potential temperature contours is more intensive in MAM and DJF, but relatively sparse in JJA (Figure 7(b) ) and SON (Figure 7(c) ). The meridional gradient of the pressure near the tropopause is the largest between 100 hPa and 150 hPa in MAM, and the sharp meridional gradient of tropopause pressure enhances the exchanges of air masses in both directions along the tropopause surface. The tropopause is at a lower position over the northern plateau in Figures 7(a) and 7(d) , which moves UTLS to a low altitude, and this may be one of the reasons for the higher WV content of UTLS in March and April than in other regions at the same latitude [31] . In JJA, the maximum pressure gradient near the tropopause moves out of the plateau, which is located to the north of the plateau. From the MAM and DJF figures, it can be seen that the tropopause pressure value is smaller, and the 
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3.6 3. distributions of PV contours indicate sinking trends in the upper troposphere over the plateau. The rapid development of strong convective movements in summer causes the sinking trends over the plateau to disappear.
Variation Trends of Water Vapor.
Since the motion trends of gases, including WV, vary by height and region [43] , we analyzed the variation trends of WV at different pressure levels. Figure 8 shows the variation trends of WVMR at 100, 147, and 215 hPa over the plateau (28 ∘ N-40 ∘ N, 75 ∘ E-105 ∘ E) from 2005 to 2016. As can be seen from the moving average curve in Figure 8 , in addition to the seasonal changes, there is significant interannual change. Over the past 12 years, WV has shown a weak rising trend with an annual increase of 0.148% at 100 hPa (Figure 8(a) ), although this change tendency was not prominent before 2012. At both 147 hPa (Figure 8(b) ) and 215 hPa (Figure 8(c) ), WV shows weak downward trends. Although the interannual variations in the two heights are not obvious compared with that at 100 hPa, both of them still show the periods of quasi-3-year oscillation according to the moving average curves. It has been pointed out that the variation trends of water vapor and methane in the stratosphere have been opposite over the plateau, because the oxidation of methane generates more WV [44, 45] . Figure 9 shows the variation of WV at diverse altitudes over the plateau throughout the four seasons. The WV content in JJA is close to that in autumn at 100 hPa ( Figure 9(a) ). DJF has more WV than MAM, but they both show similar variation tendencies at the pressure layer of Advances in Meteorology 100 hPa (Figure 9(a) ). Both of the WV in DJF and MAM show an increasing trend with trend ratios reaching 0.171 ppmv/10a and 0.071 ppmv/10a. At the 147 hPa ( Figure 9(b) ) and 215 hPa ( Figure 9(c) ) heights, the WV in JJA is much greater than in other seasons. In SON it is less, and then the minimum is found during DJF at 215 hPa. 
Conclusions
In this study, AURA/MLS observation data and ERA-Interim meteorological data were used to analyze the characteristics of WV in the UTLS over the Tibetan Plateau from 2005 to 2016, including horizontal and vertical distributions, and temporal variation. The analysis results show that a high WV content is more apparent in the UTLS over the southern portion of the Tibetan Plateau than in the northern area of the plateau in JJA, due to the monsoon-induced strong upward motions. During the winter and spring seasons, the distribution differences between the north and south in the lower stratosphere showed opposite trends. In MAM, the WV in the UTLS diminished rapidly with an increase of altitude and was similar to that in DJF, which shows a "V" structure.
The lower position of the UTLS may lead to a higher WV content over the northern Tibetan Plateau than in ambient regions of the same latitude. The temporal variations of WV show a weak increasing trend at 100 hPa over the past 12 years, Advances in Meteorology while trends in MAM and DJF remained essentially constant. Downtrends occurred at 147 and 215 hPa, and the WV in summer is much greater than in other seasons, with autumn next, then the minimum in winter. Moreover, WV shows a rough wave structure in MAM and SON at 215 hPa.
When the refined structure of WV near the tropopause was analyzed in this study, only a few pressure levels-those detected by the MLS instrument-could be obtained. 
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